1
,! cm~3. Excellentp-n CuInS 2 homojunctions have been fabricated by electron beam pulse annealing with an ideality factor of 1.75.
Ternary I -III -VI 2 compounds are currently being investigated for a wide variety of device applications. Our interest in CulnS 2 is derived from its potential as a photovoltaic material. 1 However, p-type conductivity control of CulnS 2 by extrinsic impurities is an extremely difficult task, which might stem from both strong compensation effects and low solubility of the usual dopant species.
2 To overcome this problem, pulsed electron beam (PEB) annealing was used for the phosphorus implantation. Since the pulse width is just a few microseconds, there is no time for the precipitation to be formed.
The degree of nonstoichiometry of the material is very important to the doping of compound semiconductors due to the defect species and concentrations of available lattice sites.
3 ,4 Transient pulse annealing techniques have demonstrated that they can remove damage in implanted samples ofSi, GaAs, InP, and CdTe to reach high carrier concentrations.'·o For example, the surface carrier concentration can reach a value as high as 5 X 10 I'! cm ~] for P + -implanted CdTe by PEB annealing,7
CulnS 2 single crystals were grown by the traveling heater method X and sliced into wafers. The energy of implanted P + ions was 100 ke V and the dose ranged between 10 1 ] and 10 15 ions/cm 2 • The beam current ranged between I and 60 /lA, The theoretical ion distributions of P+ implanted in CulnS 2 at different energies were obtained from the LSS ( Lindhard, Schiott, and Scharff) theory and are approximated by a Gaussian distribution,'! A cap ofTa 2 0, deposited by electron gun was found essential for electron beam annealing; the cap thickness was determined to be 700-2000 A by a Dektak instrument. Ohmic contacts to CulnS 2 have been applied by indium electroplating. With a high-temperature Ar plasma excited source (5500-8000 °C), inductively coupled plasma atomic emission spectrometry was used to analyze the composition of each etched layer in order to determine the etching rate of CuInS 2 , in which a 1 :2HN0 3 -H 2 0 solution was used as the etchant. The sheet resistance, sheet concentration, and mobility were determined by the ," Department of Electrical Engineering.
hl Institute of Nuclear Science.
Van der Pauw/Hall measurements.
In this work, CuInS 2 was implanted with P + ions at a fixed energy of 100 keY, with doses of 10 Figure I shows the sheet resistance as a function of the electron beam irradiation energy density, Figure 2 shows the sheet carrier concentration also as a function of the electron beam energy density, It was found that a sheet resistance as low as 10,1 !lID has been attained and a sheet carrier concentration as high as 10 10 cm -2 has been reached, Good electrical activation can be obtained by doping to have the highest carrier concentration and the lowest sheet resistance. From the above results it is concluded that the energy density of electron beam pulses for the best annealing condition is between -II and 13 J/cm 2 • When the energy density of the electron beam pulse is low, the radiation damage by ion implantation cannot be completely removed and the solubility of phosphorus is still low, 
FIG. 2. Sheet carrier concentration vs energy density for P' implanted in
CuInS 2 with e-beam annealing for sample TH9.
threshold for melting the sample surface will melt and recrystallization will occur, in which the solubility is increased and most damage can be removed, However, if the electron beam energy density exceeds a certain value. surface asperities could be generated which further degrades the carrier mobility. The hole mobility measured at a value up to 499 cm~ IV s determined at a dose of 10 14 cm -2 is the highest value ever reported for any ternary chalcopyrite semiconductor; this further demonstrates the effectiveness of this doping technique.
From Auger electron spectroscopy depth profile analy- ~l-------
sis the top layer of a typical traveling heater method grown CulnS 2 crystals was found deficient in sulfur and rich in both Cu and In. The surface compositions could be altered after the PEB annealing, in which a distinct loss of indium was found on the surface while that the Cu and S was not much changed. The changes in surface compositions should have an effect on the doping efficiency E (E=N s INion' where Ns is the maximum sheet carrier concentration and N jon is the implanted ion dose), In most cases for CuInS 2 , E was found to exceed 100%. This effect can be illustrated from our analysis of dominant defect pairs for CulnS 2 which will appear in a separate publication. The loss of indium is possibly similar to the case of Ga outdiffusion in a Si0 2 cap used for GaAs thermal annealing. 10 The carrier concentration profile determined by inductively coupled plasma OCP) atomic emission spectrometry in conjunction with the Hall technique is shown in Fig. 3 at a dose of 10 14 cm -2 and a peak sheet concentration can be attained at 4.5 X 10 15 cm-2 . The corresponding peak carrier concentration is 9 X 10 19 cm -3,9 After the ohmic contacts are applied, the dark currentvoltage characteristics of a p-n CulnS 2 homojunction showed the rectified junction effect. From the room-temperature log 1-V plot of a typical sample, the junction ideality factor A estimated from the slope of the curve [A = EI kT(dV Id In J) 1 is 1,75. Comparing this value with our previous work of chemical vapor transport (CVT) grown nGaP Ip-CulnS 2 heterojunction which showed ajunction ideality factor of 4.0, II it is obvious that the interfaces made by PEB annealing are much better than those made by CVT epitaxial growth. From the room temperature C -Z-Vplot a homojunction was found and the built-in voltage was estimated to be 0.85 V. Log 1-V curves at various temperature above 20 ·C were found to be parallel over certain ranges of the forward bias, and this implies that the dominant current transport mechanism in the homojunction is tunneling. lz Based on the data obtained from Hall, capacitance-voltage measurements, and several known parameters of CuInS 2 , a band diagram is proposed from the p-n CuInS 2 homojunction as shown in Fig. 4 .
Electron beam annealing has been demonstrated as an effective method to anneal the damage of P+ -implanted CuInS 2 • The range of the energy density for the best annealing condition was determined between 11 and 13 J/cm 2 for the dose in the range 1013_10 15 ions/cm 1 . The rCP-Van der Pauw method was developed as an effective means to obtain the carrier concentration profile in CulnS 2 , and a hole concentration can reach 9 X 10 19 cm -.1, which is the highest value ever reported in literature. Excellent p-n CulnS 2 homojunctions have been made by PEB annealing; an ideality factor of 1.75 was obtained. Tunneling was verified to be the dominant current conduction mechanism.
